Introduction
Hematopoiesis in bone marrow (BM) occurs in distinct microenvironmental niches. Discrete extracellular matrix (ECM) microenvironments within the BM help to separate endosteum, an interface between bone and BM, from the central marrow. Methods for studying hematopoiesis include clonal culture systems in semisolid media, 1 short-term 2 and long-term 3, 4 liquid cultures, and tissue culture systems where hematopoietic cells grow on feeder layers of BM stromal cells. 5, 6 However, cell culture systems involving growth on the surface of tissue culture plastic do not accurately represent tissue architecture 7 or the complex interactions between cells and their micro-environment. Recently, a stromal spheroid coculture model 8 and various scaffolds 9, 10 have been developed to recreate the three-dimensional (3-D) environment of the BM, but these models fail to recapitulate the physiologic conditions of the BM. To adequately study B-cell development, 11 pathogenesis, 12, 13 and neoplasia, 14 a culture system that places BM cells within their physiologic environment is required. For BM-localized malignancies, more effective culture systems must incorporate all compartments of the malignant clone, including cancer stem and progenitor cells, to identify their therapeutic vulnerabilities.
Multiple myeloma (MM), an incurable cancer with 3-to 5-year survival despite the development of potent new therapies, 15 is characterized by monoclonal immunoglobulin (Ig), lytic bone lesions, 16 and monoclonal plasma cells (PCs) in the BM. The immunoglobulin heavy chain gene rearrangement (IgH VDJ) provides a unique molecular signature, termed clonotypic. 17, 18 Because clonal expansion of primary MM cells outside their BM microenvironment has been unsuccessful, 19 most preclinical studies have used MM cell lines derived from leukemic phase cells that have escaped BM dependence. Currently, only PCs are evaluated in preclinical studies to determine the impact of new drugs. 20 However, nearly all MM patients relapse, suggesting that drug-resistant cancer stem cells escape conventional therapies. [21] [22] [23] [24] [25] It seems likely that BM niches maintain MM cancer stem cells (MM-CSCs) in a quiescent, drug-resistant state. To date, preclinical models do not take into account adhesion-mediated drug resistance, 26 and none allows testing of drug efficacy on MM-CSC populations. Mouse models of MM are inadequate for preclinical use because they cannot faithfully recapitulate human disease. 27, 28 Here we present a robust 3-D tissue culture model in which the human BM microenvironment is reconstructed in vitro. In 3-D, the MM clone expands within its native microenvironment providing a valuable preclinical model within which conventional (melphalan) and novel (bortezomib) therapeutics selectively kill their target cells. In 3-D cultures, nonproliferating cells from MM BM concentrate at a reconstructed endosteummarrow junction (rEnd). Purified nonproliferating MM BM cells include MM-CSCs, as defined by their ability in a secondary culture to generate B/PC progeny harboring the unique MM clonotypic signature. Three-dimensional cultures of BM or mobilized blood autografts (MBAs) offer a preclinical model within which new therapies can be tested for their impact on all compartments of the MM clone, as well as providing access to the MM-CSC that underlie disease progression.
Methods

Materials
After approval from the Health Research Board (University of Alberta) and the Alberta Cancer Board, and after informed consent was obtained in accordance with the Declaration of Helsinki, BM samples (n ϭ 48) were provided from patients undergoing BM biopsies at the Cross Cancer Institute. Aliquots of G-CSF MBAs were obtained at the time of harvest (n ϭ 14). All of these samples were successfully cultured in 3-D. Plasma was obtained from blood of MM patients at routine clinic visits. FicollPaque was purchased from Pfizer (New York, NY). Human fibronectin and rat tail collagen I were from Upstate Biotechnology (Charlottesville, VA). MethoCult-GF was from StemCell Technologies (Vancouver, BC). Matrigel, Cell Recovery Solution, fluorescently tagged annexin V, N-cadherin, CD20, CD33, CD34, CD45, CD38, and CD5 antibodies were from BD Biosciences (San Jose, CA). 5-6-Carboxyfluorescein diacetate succinimidyl ester (CFSE) and phalloidin were from Invitrogen Canada (Burlington, ON). Oil Red, Alizarin Red, SigmaFast BCIP/NBT tablets for alkaline phosphatase activity, and SigmaFast Red TR/Napthol AS-MX tablets for TRAP staining were from Sigma Diagnostics Canada (Mississauga, ON). DyNAmo HS SYBR Green qPCR kit was from New England Biolabs (Ipswich, MA). CD138 was from Beckman Coulter (Fullerton, CA), CD20 from Dako North America (Carpinteria, CA), and antifibronectin from Millipore (Billerica, MA). Fluorescent in situ hybridization (FISH) probes were from Vysis (Abbott Laboratories, Abbott Park, IL) or made in house. Melphalan and bortezomib were obtained from the Cross Cancer Institute.
Cell culture
Mononuclear cells were isolated from BM aspirates by Ficoll-Paque gradient centrifugation per the manufacturer's instructions. Surface coating (rEnd) was created by coating 48-well tissue culture plates (Corning, Corning, NY) with fibronectin/collagen I (1:1) in phosphate-buffered saline (PBS) at a final concentration of 5 g/1 cm 2 of each protein. Plates were incubated for 30 minutes or more at room temperature; after removal of excess fluid, the rEnd was overlaid with the rBM layer consisting of the BM mononuclear cells (BMCs) in an ECM mixture of Matrigel/fibronectin (2:1 vol/vol). For analysis of proliferation and identification of nonproliferating cells, cells were labeled with 0.25 M CFSE for 15 minutes at 40°C. The labeling reaction was stopped with cold PBS for 10 minutes on ice, cells were centrifuged to remove excess dye, resuspended at 0.5 ϫ 10 6 cells/1 cm 2 in 10 L PBS, mixed with 100 L/1 cm 2 of ECM mixture, and plated on top of the fibronectin/collagen I rEnd. The ECM proteins and their ratios were chosen based on the analysis of the ECM components from the human BM core biopsies of both normal donors and MM patients (J.K. and L.M.P., manuscript in preparation). The culture conditions were optimized to ensure maximum proliferation of the MM clone; controls established that the rEnd alone did not sustain ex vivo BM samples. The culture was allowed to solidify for 30 minutes in a 37°C, 5% CO 2 incubator and overlaid with 1 mL growth medium (RPMI with L-glutamine, 20% MM patient plasma, 6.2 ϫ 10 Ϫ4 M of CaCl 2 , 10 Ϫ6 M sodium succinate, 10 Ϫ6 M hydrocortisone; Sigma Diagnostics Canada). Plasma from MM blood samples was an essential growth factor; neither plasma from healthy donors nor fetal bovine serum supported growth of MM cells. No differences were seen between autologous and nonautologous plasma samples. Cells were isolated from 3-D cultures with Cell Recovery Solution per the manufacturer's instructions. To obtain enough material for subsequent analyses, 6 to 10 ϫ 10 6 cells from each patient were placed into 3-D culture. All patients were analyzed individually. In situ BM particles were grown as described for BMCs. BM particles in fresh BM aspirates are composed of speckles of the bone with attached BM. Particles were rinsed with PBS to remove red blood cells, and 1 to 4 particles were placed on the surface of fibronectin/ collagen I-coated tissue culture plate and covered with 100 L of Matrigel/fibronectin. The culture was allowed to solidify and was covered with growth medium as described.
Preclinical drug treatment studies
For preclinical studies, the rBM was grown for 14 days to allow for the expansion of the malignant and stromal compartments. A single treatment of either melphalan or bortezomib was administered in a fresh aliquot of growth medium incorporating MM plasma, overlaid on top of the 3-D culture. After 7 days of treatment, fresh growth medium was added and cells were allowed to recover for 7 days, to mimic clinical protocols involving a recovery period between chemotherapy treatment and measurement of tumor burden. Subsequently, cells were isolated from 3-D culture and treatment efficacy evaluated using real-time quantitative polymerase chain reaction (RQ-PCR) to detect genomic clonotypic IgH VDJ. For CFU activity, nonproliferating cells defined by their retention of high intensity of CFSE dye during the 3-D culture, termed label retaining cells (LRCs), were purified by sorting CFSE high cells within lymphocyte scatter gates using an EPICS ALTRA and transferred to a colony forming unit (CFU) assay.
CFU assay
The CFSE high or CFSE high CD20 ϩ cells were sorted by gating on forward and side scatter (lymphocyte gates) and on the CD20 ϩ and CFSE high population based on the fluorescence intensity. CSFE high cells were defined as only those cells having an intensity of CSFE staining matching that at the time 3-D cultures were initiated. Sorted cells from individual patients were resuspended in 200 L Iscove modified Dulbecco medium with 2% fetal bovine serum (Invitrogen Canada), mixed with 1.1 mL MethoCult GF medium (methylcellulose, 2% fetal bovine serum, bovine serum albumin, 2-mercaptoethanol, rhSCF, rhGM-CSF, rhIL-3, rhG-CSF, rh-erythropoietin in Iscove modified Dulbecco medium) in 35-mm plates. CFU cultures were incubated for 14 days, and the resulting colonies were counted. For serial replating experiments, a fragment of each colony was transferred to a fresh plate with MethoCult GF medium. This was done for each successive replating. The remainder of the colony was used for parallel phenotypic and genetic analysis. To quantify cells harboring the clonotypic IgH VDJ, individual colonies were plucked, transferred to PBS, centrifuged to remove MethoCult, and the resultant pellets resuspended in TRIzol (Invitrogen Canada), followed by purification of genomic DNA and RQ-PCR with patient-specific primers.
RQ-PCR
Total genomic DNA was isolated with TRIzol reagent per the manufacturer's instructions. RQ-PCR for patient-specific rearranged IgH VDJ clonotypic sequences was performed using the SYBR green method 29 with product specificity confirmed by melting curve analysis 30 per the manufacturer's instructions. Patient specific primers for CDR2 and CDR3 were designed as previously described. 31, 32 Because only one IgH VDJ allele has the clonotypic gene rearrangement, each malignant cell has only one genomic copy of this unique MM signature. To quantify the number of templates in unknown samples before and after 3-D culture, controls included cloned VDJ sequences for each patient for generating a standard curve for each specific clonotypic IgH VDJ and comparison with a standard curve for a housekeeping gene, ␤2 microglobulin (normalized to the 2 copies of 〉2⌴ templates/cell). Percentage of clonal cells (% VDJ) was calculated based on the formula, %VDJ ϭ [10 (Ϫ0.2774c(t)) ϩ 9.708 ]/ [10 (Ϫ0.2901c(t)) ϩ 9.86 ] ϫ 100, where the numerator of the equation corresponds to the number of clonal IgH VDJ molecules and the denominator corresponds to the number of ␤2-microglobulin molecules. Fluorescence was acquired at each cycle; the c(t) value corresponds to the number of cycles where the RQ-PCR curve crosses a threshold line set at the midpoint of the log fluorescence expansion.
Microscopy
For confocal microscopy, CFSE-labeled MM BM or MBAs were placed in 3-D cultures in coverslip-bottom (1-mm) 8-well chamber slides. When necessary, nuclei were stained by adding 1 L 4,6-diamidino-2-phenylindole (DAPI; 1:4000) to the growth medium for 15 minutes at 37°C. Confocal z-slices were imaged on a Carl Zeiss confocal LSM 510 microscope (Toronto, ON) with a 10ϫ objective. 3-D reconstruction used Zeiss 510 image analysis software. Quantification of LRC positioning was performed with Imaris 3.2.2 software (Bitplane, Zurich, Switzerland). The cellular identity was determined based on the coculture experiments where CFSE-labeled sorted B or plasma cells were added to unlabeled rBM. The cellular behavior was followed by confocal microscopy and was correlated with the DIC images to identify cell type in rBM. To identify cells in the stromal layer, the top matrix layer was carefully aspirated; cells remaining attached to the bottom of the culture plate were stained with TRAP, Oil Red, alkaline phosphatase, or Alizarin Red according to the manufacturer's instructions and imaged on Zeiss Axioskop digital microscope with a 20ϫ objective. Brightfield microscopy was done using a Zeiss Axiovert 200M inverted microscope with 10ϫ or 20ϫ objectives and image analysis was completed using MetaMorph software (Molecular Devices, Downingtown, PA). For fibronectin, phalloidin, and N-cadherin staining, cells were fixed with 1% neutral buffered formalin for 10 minutes at room temperature, permeabilized with 0.5% Triton X-100, and nonspecific binding was blocked with 1% bovine serum albumin for 1 hour at room temperature. Cells were incubated with primary antibodies, followed by washing, incubation with secondary antibodies for 1 hour and confocal imaging.
Flow cytometry
For proliferation analysis, CFSE-labeled cells were isolated from 3-D cultures of individual patients, stained with CD20-phycoerythrin (PE), CD138-PC5, or CD56-PE/CD138-PC5, and 30 000 events were collected and analyzed on a FACSort (BD Biosciences). For apoptosis studies, cells were isolated from 3-D and stained with annexin V-PE in combination with CD3-fluorescein isothiocyanate (FITC), CD20-FITC, CD33-FITC, CD56-FITC, and CD138-PC5. To analyze the CFU composition, colonies from p4 and p5 were expanded to generate material sufficient for FACS analysis at p6. Data were analyzed with CellQuest Pro software (BD Biosciences).
Immunohistochemistry
Paraffin blocks were prepared by removing media from the culture and perfusing the matrix with 300 L/well of 3% agar. Once solidified, the agar block was removed and fixed in 10% neutral buffered formalin overnight, before standard processing; 5-sections were stained for CD34, CD20, and CD138 expression using a standard avidin-biotin-peroxidase technique. Cytospins of sorted LRCs were stained for CD20 using immunohistochemistry. Imaging was done with a 40ϫ objective on a Zeiss Axiovision microscope equipped with a color camera.
Fluorescent in situ hybridization
Cells before and after culture were immobilized onto a glass slide by cytospinning and stained with May-Grunwald for 3 minutes at room temperature, washed in H 2 O, stained with Giemsa in dH 2 O (1:20) for 10 minutes at room temperature, and rinsed with H 2 O. The position of all cells was recorded using the BioView Duet scanning system (Rehovot, Israel). The slide was then destained in methanol/acetic acid (3:1) for 60 minutes, and conventional interphase fluorescent in situ hybridization (FISH) analysis was performed as previously described. 33 Three probe sets were used: a commercial Vysis LSI 13q34 probe for the detection of the deletion of 13q34 locus, Vysis LSI IGH/CCND1-XT dual color-dual fusion translocation probe for the detection of translocation (11,14)(q13;q32), and Vysis CEP1(D1Z5) as a control probe combined with a home-made probe targeting locus 1q21 for detecting amplified 1q21. Brightfield and fluorescence microscopy used the BiovVew Duet system to correlate the FISH staining (63ϫ objective) pattern and morphology (40ϫ objective) for each cell on the slide.
Statistical analysis
Data were presented as means plus or minus SEM. Statistical significance was measured by Student t test using Prism 4 software from GraphPad Software (San Diego, CA). Differences in the mean values were reported as P values with P less than .05 considered significant.
Results
Three-dimensional culture recapitulates the in vivo BM microenvironment
In 3-D cultures, endosteal (rEnd) and BM (rBM) matrices have been reconstructed to mimic the in vivo composition of BM 34 (J.K. and L.M.P., manuscript in preparation). rEnd was reconstructed by surface coating of with collagen I/fibronectin mixture and overlaid with BMCs suspended in fibronectin/Matrigel mixture, which is representative of the in vivo central marrow composed of fibronectin, laminin, and collagen IV 34 ( Figure 1A) . To confirm the similarity between the cellular composition of the preculture BM and the rBM postculture, the proportion of each cellular compartment was determined in BMCs and in cells from dissociated 3-D cultures. 3-D cultures maintain the cellular composition of in vivo BM ( Figure 1B) ; no differences were seen between the percentages of hematopoietic cells in BM compared with rBM (P Ͼ .05). The only exceptions were a decreased proportion of monocytes in 3-D probably because of their differentiation to macrophages (P ϭ .015) and an increase in osteoclasts (P ϭ .001), defined by positive TRAP staining.
To better define rBM, the temporal organization of the 3-D culture was evaluated ( Figure 1C) . In 3-D cultures, day 0 (D0) BM cells were randomly distributed throughout the 3-D matrix. As early as D1 of culture, cells began to migrate within the ECM, marked by the appearance of leading edge protrusions. By D4, both diffuse and tight colonies were seen. By D14, the architecture of the rBM closely resembled that of the in vivo BM. Stromal cells appeared at the rEnd after a week in culture and grew to cover the surface of the culture vessel.
To determine whether rBM cellularity reflected cell proliferation, before culture in 3-D, BMCs were labeled with CFSE, a cytoplasmic fluorescent dye that is reduced in intensity by 50% with each cell division. Significant overall proliferation was observed from day 0 to day 5, with cells continuing to proliferate through day 14 ( Figure 1D ). Proliferation of the CD20 ϩ B cells was rapid from day 0 through day 5. Consistent with their slow proliferation in vivo, CD138 ϩ PCs, the majority of which were CD45 dim , divided less rapidly than B cells, as defined by their higher intensity of CFSE, and their proliferation only reached significance by day 25 ( Figure 1D ). Proliferation of cells within rBM combined with the proportionate preservation of hematopoietic compartments ( Figure 1B ) implies that hematopoietic lineage relationships are preserved in 3-D cultures.
rBM maintains human BM architecture
Physical stratification of the BM includes distinct niches with dormant hematopoietic progenitor cells (HPCs) found at the bone surface in close association with the endosteum, and more differentiated hematopoietic cells such as B cells and PCs found in the central marrow, with the most differentiated cells localized farthest away from the endosteum. [35] [36] [37] [38] [39] The interaction between HPCs, endosteal osteoblasts and osteoclasts, bone-forming and -resorbing cells, respectively, is essential for the maintenance of the HPC niche and mobilization of stem cells. 35, 36 In 3-D culture, after completion of redistribution and proliferation, rBM was stratified into approximately top, middle, and rEnd layers within the 1-mm 3-D cultures (Figure 2) . Similar to the architecture of the in vivo BM, the endosteal niche of rBM was composed of fibroblastic stromal cells, adipocytes, and osteoclastic and osteoblastic cells Figure 2C) . Exclusion of the rEnd coating from the culture greatly reduced the stromal compartment (not shown). Obtaining the entire stromal compartment in 3-D is a marked improvement over standard 2-D methods where only a single stomal cell type differentiates from BM, depending on the culture media. 19, 36 Mimicking their localization in intact BM, CD34 ϩ HPCs were found at rEnd in contact with stromal cells, CD20 ϩ B cells localized mainly to the middle layer, and CD138 ϩ PCs mainly to the top layer of the rBM ( Figure 2D ). To verify that purified cells from BM aspirates maintain the growth properties of in vivo BM, we compared them with BM particles placed into 3-D culture within 2 hours of aspiration. BM particles remain intact to preserve the in situ integrity of the in vivo microenvironment. Grown in 3-D, cells expanding in situ from within BM particles had the same properties as the rBM cultures ( Figure 2B ), that is, proliferation, stratification, maintenance of LRCs, and expansion of the MM clone.
rBM from MM patients supports expansion of the MM clone
Osteoclasts occupied distinct positions in the rBM of healthy donors. In contrast, rBM from MM patients was disorganized, with osteoclast-like cells throughout ( Figure 3A) . The ordered osteoclast organization of rBM disappeared when plasmacytoma progressed to MM (not shown).
rBM supported the expansion of the MM clone as measured by the RQ-PCR analysis of cells harvested from 3-D, using patientspecific primers to amplify the clonotypic IgH VDJ, 31 providing a unique clonal marker to identify all MM cells. 17, 32 For rBM from 16 patients, by day 15 there was a mean increase of 2.5-fold (1.3-to 9.9-fold) in the percentage clonotypic MM cells in rBM compared with autologous precultured BM (P ϭ .009; Figure 3B ). Sequencing confirmed that the IgH VDJ of MM cells arising in 3-D was identical to that of autologous ex vivo MM PCs. BM cells from aspirated particles exhibited similar levels of MM clonal expansion to those of purified BMC, with a 3 times increase in clonotypic cells in 3-D cultures (not shown). To determine whether the increase in the percentage of clonotypic cells is related to numerical expansion rather than the death of nonmalignant cells, we compared the absolute number of cells at the time of rBM setup (day 0) with that at the time of harvest (day 21). We determined that malignant PC undergo a mean 3.8 times expansion in 3-D culture, from 1.8 ϫ 10 5 PCs at day 0 to 6.8 ϫ 10 5 PCs at day 21 ( Figure 3C ).
MM is also characterized by chromosomal abnormalities. 40 To confirm that PCs proliferating in 3-D cultures were part of the MM clone, the chromosomal abnormalities in PCs from rBM were compared with those present in autologous ex vivo PCs, using interphase FISH. PCs from 3-D had the same chromosomal abnormalities as ex vivo PCs ( Figure 3D) , with a 1.3 times increase in the absolute number of chromosomally abnormal PCs by day 15 of culture. In contrast, the total number of clonotypic cells in the 3-D culture, as measured the RQ-PCR, was increased 2.5 times ( Figure 3B ). This suggests that, in addition to PCs, other clonotypic MM compartments have also expanded in rBM. The proliferation of the MM clone in 3-D is clinically significant because MM cells do not proliferate in any of the currently existing systems, rendering the 2-D culture models unsuitable for preclinical drug testing using ex vivo BM cells.
Three-dimensional culture allows preclinical testing of therapeutic targeting to all compartments of the MM clone
Preclinical testing in MM has been hindered by the lack of systems to sustain growth of the MM clone. Because rBM contains the full complement of BM cells found in vivo, chemotherapeutic (melphalan) or biologically based (bortezomib) agents were used to validate the 3-D model for preclinical use. Treatment of rBM with melphalan led to a 60% decrease in the number of clonotypic cells as measured by RQ-PCR ( Figure 4A ). Consistent with its myeloablative properties, melphalan induced apoptosis of all cell types within the hematopoietic hierarchy present in the rBM ( Figure  4B ,C) but spared the stromal compartment ( Figure 4D ). Although bortezomib induced a significant (21%) reduction in clonotypic cells ( Figure 4A ), overall apoptosis was not significant (Figure 4B ) in rBM. Closer examination revealed that bortezomib-induced For personal use only. at PURDUE UNIV LIB on October 14, 2008. www.bloodjournal.org From apoptosis was exclusive to a minor population of CD138 ϩ CD56 ϩ PCs ( Figure 4B ). Neither CD20 ϩ , nor CD138 ϩ 56 Ϫ , nor CD56 ϩ 138 Ϫ , nor CD33 ϩ , nor CD3 ϩ cells of the hematopoietic compartment nor the stromal compartment was affected by bortezomib (not shown). A clinical reduction in BM plasmacytosis marked by the disappearance of monoclonal Ig, coupled with inevitable relapse, suggests that bortezomib targets a PC subset responsible for disease symptoms but leaves other generative compartments intact. Unlike the conventional drug evaluation, which measures, the impact only on MM PCs, 3-D cultures allow monitoring of all BM compartments in the context of microenvironment-mediated drug resistance to establish clinically relevant drug dosing. The apparent agreement between clinical impact and the preclinical studies in rBM validates the 3-D model as relevant to events in vivo. However, given the inevitable relapse of MM and the likelihood that MM-CSCs escape current modes of therapy, a valid preclinical model must also monitor the impact of therapy on cancer stem cells.
Three-dimensional culture reveals presumptive MM-CSCs
Although residual disease almost certainly contributes to relapse after high-dose chemotherapy and stem cell rescue, MBAs have been shown to harbor malignant cells capable of regenerating MM. 23 As measured by RQ-PCR, MBA samples exhibit 100 times reduction in the tumor burden compared with BM samples collected before myeloablative therapy and autologous stem cell transplantation (P ϭ .003; Figure 5A ). MBAs from MM patients reconstituted a BM-like 3-D microenvironment (rMBA), generating 6.3-to 16.6-fold increases in the number of clonotypic MM cells, compared with autologous preculture MBAs (P ϭ .04). Melphalan treatment of rMBA resulted in depletion of clonotypic MM cells (P ϭ .03; Figure 5A ). We hypothesized that putative MM-CSCs capable of initiating relapse are found in the MBA.
A defining property of cancer stem cells, their proliferative quiescence, was measured here by the retention of CFSE fluorescent label (LRCs), to distinguish them from proliferating cells, which progressively lose CSFE with each cell division. 41 To identify putative MM-CSCs, we characterized CFSE high LRCs from 3-D cultures of rMBA. Quiescent cells cannot be distinguished or accessed in conventional cultures because the MM clone as a whole fails to proliferate in these cultures. In contrast, 3-D culture enables identification and sorting of nonproliferating CFSE high LRCs, including putative MM-CSCs, for further analysis. Selection of CSFE high cells excludes all proliferating compartments of the rBM; thus, the LRCs represent populations derived directly from the patient after a period of stasis in the 3-D microenvironment.
Overall, 60% of LRCs localized to the rEnd ( Figure 5B ) in close contact with osteocalcin (not shown) and N-cadherin-expressing osteoblastic cells ( Figure 5C ). This interaction has been shown to maintain dormancy of normal HPCs. [42] [43] [44] [45] To determine whether LRCs localized specifically to the rEnd, as opposed to a simple preference for a rigid substratum, the rEnd was eliminated from a set of 3-D cultures. Without rEnd, LRCs were dispersed evenly throughout the matrix (not shown) and the stromal layer was only BMCs from normal donors (n ϭ 5) and MM patients (n ϭ 10) were grown in rBM for 21 days followed by assessment of the overall culture architecture by brightfield microscopy (top, original magnification 50ϫ; bottom, original magnification 200ϫ). Cells localized to "tracks" are TRAP ϩ osteoclasts (not shown). Representative images are shown with the plane of focus set to the bottom of the plate representing reconstructed endosteum. (B) BM cells (n ϭ 16 patients) were grown in rBM for the indicated number of days, and the extent of the malignant outgrowth of the MM clone was measured by RQ-PCR using patient specific primers. Each malignant cell has only one copy of the IgH VDJ rearranged template; RQ-PCR determines the number of rearranged IgH VDJ templates compared with a ␤2-microglobulin standard curve and an IgH VDJ positive control curve. Percent clonal cells corresponds to the percentage clonal VDJ templates present in the sample normalized to the ␤2-microglobulin gene (*P ϭ .006, **P ϭ .001, ***P ϭ .002, ****P ϭ . minimal, confirming the requirement for rEnd in attracting LRC and promoting stromal development.
LRCs were isolated from 3-D by sorting CFSE high cells having lymphocyte scatter properties; lymphocytic LRCs were drugresistant as defined by their persistence in 3-D cultures treated with melphalan or bortezomib, and were enriched 10 times in melphalantreated cultures ( Figure 6A ). The largest subset of LRCs (mean, 46%) were B lymphocytes, as assessed by May-Grunwald-Giemsa staining and expression of CD20 ( Figure 6B ). The remainder of LRCs were terminally differentiated myelocytes (3%), bands (3%), polymorphonuclear cells (21%), monocytes (3%), red blood cells (14%), and stromal cells (10%), which were excluded from further analysis by the sort parameters; no morphologically identifiable PCs were detected among LRC.
Sorted LRCs were transferred to conventional carboxymethocellulose cultures normally used for counting CFUs, to determine the number of CFU in the population, representing the number of the stem-like cells among the LRCs. CFU colonies from 11 MM patients ( Figure 6C ) were individually harvested and assessed for the MM clonotypic signature (Figure 6D ), by RQ-PCR with patient-specific primers. Approximately 0.5% of LRCs gave rise to colonies, approximately half of which were composed of clonotypic progeny ( Figure 6E ). Furthermore, sorted CFSE high CD20 ϩ LRCs gave rise to colonies in a CFU assay, but CFSE high CD20 Ϫ LRCs did not. LRCs capable of generating CFU colonies comprised 0.003% of the total cell population in the 3-D culture, and 0.5% to 2.5% of lymphocytic LRCs. Based on quantitation by RQ-PCR, progeny within a given colony were either 100% clonotypic or had no clonotypic cells ( Figures 6D, 7A ), indicating that MM-CSCs among the LRCs are fully committed to the myeloma lineage.
The self-renewal properties of LRCs and the CFU morphology were maintained through 6 consecutive cycles of replating ( Figure  7B ). Colonies at p1 to p3 consisted of 100% clonal cells as measured by RQ-PCR (not shown). Self-renewal potential of LRCs was further confirmed by their ability to maintain CD20 ϩ phenotype in serial replating experiments ( Figure 7C ). A population of CD138 ϩ (20%) cells differentiated from the CD20 ϩ LRCs at passage 6, indicating that LRCs retain the ability to generate MM plasma cells ( Figure 7C ). Taken together, these results demonstrate that 3-D reconstructions of BM or MBA maintain putative MMCSCs in a dormant state, from which they can be harvested and released from dormancy under CFU culture conditions. Therapeutic reductions in the number of CFUs from 3-D LRC may provide a clinically feasible means to monitor the impact of new drugs on cancer stem cells from MM and other malignancies of the hematopoietic system. 
Discussion
This work describes a unique preclinical model that supports in vitro expansion of the MM clone and allows access to putative MM-CSCs. Because cancer cells are highly drug-resistant in 3-D microenvironments, 46 adhesion-mediated drug-resistance 26,47 is a confounding factor for conventional MM preclinical models. 3-D reconstruction of BM delivers a powerful model wherein the effects of therapies can be tested on the entire MM clone. This is the first model in which MM B and plasma cells proliferate and undergo 2-to 17-fold clonal expansion, confirmed to reflect the ex vivo MM clone by quantitative analysis of clonotypic IgH VDJ and identification of chromosomal abnormalities. Although both melphalan and bortezomib reduced the burden of clonotypic cells in 3-D, substantial numbers survived, and neither drug appeared to affect the stromal layer formed in 3-D. We also show that MM includes a dormant, nonproliferative compartment of stem-like MM cells. Putative MM-CSCs, here defined as quiescent, drugresistant CD20 ϩ LRCs that generate clonotypic CD20 ϩ MM B cells and CD138 ϩ MM PCs, exhibit self-renewal, and reside at the reconstructed endosteum, a niche known to maintain dormancy of normal progenitors. [43] [44] [45] In colony-forming assays, all progeny have the MM molecular signature, based on clontypic VDJ analysis. Multiple serial passages of MM-CSCs show that they maintain the ability to generate clonotypic progeny, as measured by RQ-PCR, and acquire the ability to generate CD138 ϩ plasma cells. Although differentiation occurs in MM-CSC CFU cultures, selfrenewal also appears to occur, as evidenced by continued growth in serial CFU cultures of individual clonotypic colonies.
Sorted lymphocytic LRCs are heterogeneous, including both normal and malignant progenitor cells as defined by the presence of both clonotypic and nonclonotypic colonies in secondary CFU cultures of LRCs. Both types give rise to predominantly lymphocyte progeny, suggesting that this system also enriches for normal lymphoid progenitors within MM BM or MBAs, a speculation to be evaluated in the future. For analysis of MM, harvesting of CD20 ϩ LRCs enriches for and provides access to dormant MM-CSCs, and their progeny, when released from dormancy, possibly because of the presence of IL-3 in the CFU medium. [48] [49] [50] The identity of the MM-CSCs remains controversial, with some studies suggesting that the disease arises from PCs and others indicating a B lymphocyte origin of MM. Data obtained from the with CFSE, grown in 3-D for 14 days, after which CFSE high lymphocytic cells were sorted from the harvested cells, and cultured in a CFU assay (no morphologic differences between clonotypic and nonclonotypic colonies were observed). Clonotypic or nonclonotypic progeny were generated from LRCs in CFU assay and tested for clonotypic IgH VDJ signatures by PCR and by RQ-PCR. Representative single-stage PCR analysis of the clonotypic IgH VDJ and ␤2-microglobulin from representative CFU progeny is shown; these results were confirmed using RQ-PCR ( Figure 6D and data not shown). (B) LRCs were sorted and placed into CFU culture, followed by serial replating for 6 generations. Each panel is a representative image from the consecutive passage of a colony (p1) from a single patient (n ϭ 6 patients). (C) FACS analysis of the LRC progeny after the sixth serial passage of a clonotypic colony (culture p6 from panel B). The entirety of p4 and p5 was used for clonal expansion to obtain sufficient cells for the p6 FACS analysis. Histograms are representative of those obtained for 6 different patients. All of the secondary colonies from clonotypic CFU were clonotypic. In contrast, secondary colonies from the nonclonotypic CFU were all nonclonotypic. Self-renewal capability within colonies was further supported by the morphology of the CFU arising from LRCs, which at all passages included small secondary colonies scattered throughout the primary colony, as shown in the figure.
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